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Sm and Sm-like proteins are core components of the splicesome but have other functions distinct from pre-mRNA processing. Here, we show
that Sm proteins also regulate germ cell specification during early C. elegans embryogenesis. SmE and SmG were required to maintain
transcriptional quiescence in embryonic germ cell precursors. In addition, depletion of SmE inhibited expression of the germ lineage-specific
proteins PIE-1, GLD-1, and NOS-2, but did not affect maintenance of several maternal mRNAs. PIE-1 had previously been shown to activate
transcriptional silencing and NOS-2 expression. We found that PIE-1 also promotes GLD-1 expression by a process that is independent of
transcriptional silencing. Thus, Sm proteins could control transcriptional silencing and maternal protein expression by regulating PIE-1. However,
loss of SmE function also caused defects in P granule localization and premature division in early germline blastomeres, processes that are
independent of PIE-1 function. Therefore, the Sm proteins control multiple aspects of germ cell precursor development. Because depletion of
several other core splicing factors did not affect these events, these Sm functions are likely distinct from pre-mRNA splicing. Sm family proteins
assemble into ribonucleoprotein complexes (RNPs) that control RNA activities. We suggest that novel Sm RNPs directly or indirectly influence
posttranscriptional control of maternal mRNAs to promote germ cell specification in the early C. elegans embryo.
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The Sm and Sm-like (Lsm) proteins are core components of
the snRNPs that catalyze pre-mRNA splicing and other mRNA
processing events (Will and Luhrmann, 2001; Beggs, 2005).
However, a growing body of evidence suggests that the Sm
protein family has diverse functions in vivo that are distinct
from pre-mRNA processing. The Sm proteins are functional
components of yeast telomerase (Seto et al., 1999). In yeast, a
complex of Lsm proteins interacts with mRNAs to promote
mRNA degradation, and is required for normal processing of
rRNAs and tRNAs (Bouveret et al., 2000; Tharun and Parker,
2001; Tharun et al., 2000; Beggs, 2005). Interestingly, the Sm-⁎ Corresponding author. Fax: +1 303 724 3420.
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doi:10.1016/j.ydbio.2005.12.011like Hfq protein in E. coli binds numerous small regulatory
RNAs to regulate the stability or translation of specific mRNAs
(Moller et al., 2002; Masse et al., 2003; Valentin-Hansen et al.,
2004). Taken together, these findings suggest that the Sm and
Sm-like proteins may have multiple functions in cells and
promote a variety of RNA:RNA interactions.
Recent work suggests that Sm proteins may also regulate
early development in C. elegans. The Sm proteins control germ
granule localization during early embryogenesis (Barbee et al.,
2002). Germ granules, or P granules, are large ribonucleopro-
tein (RNP) particles that segregate to germ cell precursors
through a series of asymmetric cell divisions (Fig. 1) (Strome
and Wood, 1983; Seydoux and Schedl, 2001). At least some of
the Sm proteins co-localize with P granules and disruption of
Sm proteins, but not other splicing factors, causes defects in
germ granule localization and subcellular distribution during
embryogenesis (Barbee et al., 2002). Thus, an Sm protein-
containing complex may control germ granule localization or
Fig. 1. Early embryonic lineage of the C. elegans embryo. Cells are indicated by
letter names. Horizontal lines represent cell divisions drawn in relative temporal
sequence along the vertical axis. AB descendants divide synchronously. Bold
lines indicate the asymmetric divisions of the germ cell precursors that give rise
to P4. P4 divides symmetrically into the primordial germ cells Z2 and Z3. All
germ cell divisions are delayed relative to somatic cells, with the P4 delay being
the longest (indicated by broken vertical line).
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independent of pre-mRNA processing.
Sm protein control of C. elegans P granules suggests they
could more generally regulate germ cell fate. In C. elegans,
separation of germline from somatic cell fates occurs early in
embryogenesis (Seydoux and Schedl, 2001). Following fertil-
ization, four asymmetric cell divisions give rise to the
primordial germ cell P4, the precursor of all germ cells of the
adult germline (Fig. 1). At each cell division, totipotency is
maintained in the germ cell precursor while sister blastomeres
adopt specific somatic cell fates. At least two mechanisms
control these early asymmetric divisions (Hird et al., 1996).
During the first two divisions (P0 and P1), an intrinsic
microfilament-dependent process localizes factors including P
granules within the cytoplasm of the germ cell precursor. This
pathway depends on the PAR proteins and other factors that
control cell polarity (Kemphues et al., 1988; Nance, 2005).
During the last two divisions (P2 and P3), a microtubule-
dependent process mediates asymmetry, and involves associa-
tion of P granules with the nuclear envelope (Hird et al., 1996).
This second phase of polarity is regulated in part by signaling
between a somatic blastomere (EMS) and the germ cell
precursor P2, and requires the receptor tyrosine kinase-related
protein MES-1 and Src-related kinase SRC-1 (Strome et al.,
1995; Berkowitz and Strome, 2000; Bei et al., 2002). The Sm
proteins regulate P granule localization primarily during the
second phase of germ lineage asymmetry (Barbee et al., 2002).
There are several features that distinguish the germ lineage
from somatic blastomeres. First, only germ cells retain P
granules after early asymmetric divisions (Strome and Wood,
1983). Second, early germ cell precursors are transcriptionally
quiescent and maintain RNA polymerase II (Pol II) in an
inactive state, while somatic blastomeres rapidly become
transcriptionally active (Seydoux and Fire, 1994; Seydoux
and Dunn, 1997). Third, expression of several putative RNA
binding proteins is localized to or enriched in germline
blastomeres (Seydoux and Schedl, 2001; Spike and Strome,2003). Finally, many maternal mRNAs are rapidly degraded in
somatic lineages but are stabilized in germ cells (Seydoux and
Fire, 1994).
At least some aspects of germ cell specification in C. elegans
are similar to germline development in other metazoans.
Drosophila and Xenopus germ cells also contain RNP-enriched
polar granules or germ plasm, and some components of these
structures are conserved (Houston and King, 2000). Addition-
ally, early germ cells in Drosophila are transcriptionally
quiescent and contain inactive Pol II (Seydoux and Dunn,
1997; Leatherman and Jongens, 2003). Sm proteins have also
been detected in germ plasm of Xenopus oocytes and Sm
immunoreactivity is detected in potentially related chromatoid
bodies of mouse spermatozoa, suggesting that regulation of
germ cells by Sm proteins may also be conserved (Moussa et al.,
1994; Chuma et al., 2003; Bilinski et al., 2004).
In C. elegans, several germ cell-specific proteins regulate
germ cell formation in the early embryo. PIE-1, a CCCH zinc-
finger protein, is a key determinant of germ cell fate (Mello et
al., 1992). Two distinct functions have been identified for PIE-
1. First, PIE-1 suppresses general transcription in early
germline blastomeres (Seydoux et al., 1996). PIE-1 may
block transcription in part by interfering with factors that
associate with and activate RNA Pol II through its C-terminal
domain (CTD) (Batchelder et al., 1999; Zhang et al., 2003b).
This PIE-1-dependent transcriptional silencing may be
necessary to suppress factors that activate somatic cell
programs (Mello et al., 1992; Seydoux et al., 1996). Second,
PIE-1 promotes the translation of maternal nos-2 mRNA in
the germ cell precursor through a distinct regulatory domain
(Tenenhaus et al., 2001). C. elegans NOS-2, like its
Drosophila homolog nanos, controls germ cell migration
and proliferation (Subramaniam and Seydoux, 1999). POS-1
is another CCCH-type protein critical to specification of germ
cell fate but POS-1 regulates different processes than PIE-1
(Tabara et al., 1999). POS-1 controls polarity and cell cycle
timing during the second phase of germ cell asymmetric
division, and unlike PIE-1, is not required to initiate
transcriptional silencing. Other germ cell-specific proteins,
such as MEX-3 and MEX-1, also regulate germ cell fate
(Mello et al., 1992; Draper et al., 1996; Schnabel et al., 1996;
Guedes and Priess, 1997).
Here, we show that the Sm proteins regulate several early
events during germline fate specification in the C. elegans
embryo. Like PIE-1, the Sm proteins are required for
transcriptional silencing in the early embryonic germ lineage,
and are also necessary to maintain expression of several germ
cell-specific proteins. We find that Sm proteins and PIE-1 both
control expression of the KH-type RNA binding protein GLD-1
by a mechanism that is separate from their role in transcriptional
silencing. Sm proteins also promote PIE-1 expression suggest-
ing that Sm proteins may control transcriptional silencing and
GLD-1 expression by regulating PIE-1 levels. Unlike PIE-1, the
Sm proteins also control the asymmetry and timing of germ cell
precursor divisions at an early embryonic stage. The results
suggest a unique role for an Sm complex in regulating multiple
aspects of germline blastomere development. This Sm complex
134 S.A. Barbee, T.C. Evans / Developmental Biology 291 (2006) 132–143likely regulates these processes by a novel posttranscriptional
mechanism.
Materials and methods
Strains, DNA, and oligos
The C. elegans wild type N2 (Bristol) and other strains were grown at 20°C.
Additional strains used included: pie-1(zu154)unc-35(e156)/qC1; pos-1(zu148)
unc-42(e270)/nT1; pPD9607 (pes-10:LacZ fusion); pJR1904 (med-1::gfp
fusion); pJR1121 (end-1::gfp fusion); pJH1327 (pie-1::gfp fusion). All
cDNAs used for making dsRNA were cloned into pBluescript plasmids
(Stratagene). For RNAi by feeding, genomic and cDNA fragments were cloned
into the L4440/pPD129.36 vector (Timmons et al., 2001). These RNAi plasmids
were: pSB13.1 contains a full-length SmE (Y49E10.15) cDNA (Barbee et al.,
2002); pSB21.1 contains a 1.4 kb fragment of uaf-2 (Y116A8C.35) genomic
DNA generated by PCR; and pSB14.1 contains a full-length SmG
(Y71F9B_296.B) cDNA cloned from pYK493c3 (provided by Y. Kohara).
For in situ hybridization probes, DNA templates flanked by T7 and T3
promoters were PCR amplified as follows: For pie-1, cDNAwas amplified from
pYK276e3 (provided by Y. Kohara) using oligos TC25 and TC26; for gld-1, a 2
kb fragment of gld-1 was amplified from gld-1 cDNA in pBS (a gift from B.
Goodwin) using TC25 and TC26; for pos-1, cDNA was amplified from
pTE11.0, which contain full-length pos-1 cDNA in pBSKII+ (V. Marin and T.C.
E.) using TC25 and TC26; For glp-1, cDNAwas amplified from pTE2.0, which
contains a 3.7 kb glp-1 cDNA fragment in pBSKII+ (Stratagene), using TC25
and TC26. All DNAs were sequenced by the University of Colorado Cancer
Center DNA Sequencing and Analysis Core Facility, which is supported by the






RNAi was performed either by feeding (Timmons et al., 2001), or by
injection of double stranded RNAs (dsRNAs). For injection, all dsRNAs were
injected at 0.2–1 mg/ml, and were made and injected as described (Barbee et
al., 2002). For feeding, L4440 vectors carrying various DNA inserts
(described above) or a control L4440 plasmid with no insert were
transformed into HT115 bacteria and induced to make dsRNA on agar
plates (Kamath et al., 2001; Timmons et al., 2001). N2 L4 hermaphrodite
larvae were grown on test or control feeding plates at 20°C for 24 to 48 h.
Embryos and adult tissues from fed worms were dissected and fixed for
immunofluorescence (IF) as described (Barbee et al., 2002). All IF slides
were scored blind. To assess embryonic arrest, embryos were collected from
fed hermaphrodites that were placed on NGM plates seeded with OP-50
bacteria for 30 min–1 h prior to fixation; embryos were then incubated at
20°C for 20–24h and the fraction that failed to hatch was determined. In
some experiments, arrested embryos were examined by Nomarski optics for
differentiated tissues and cell number.
For staining of RNA Pol II, rabbit polyclonal antibodies that were specific to
the Ser2-phosphorylated form (αPSer2) or to all forms (αUnCTD) of the Pol II
CTD were used (Schroeder et al., 2000) (generously provided by David
Bentley). For staining of P granules, PGL-1 rabbit antisera (a gift of Susan
Strome) or the PGL-1 monoclonal K76 were used (K76 was developed by Susan
Strome and provided by the Developmental Studies Hybridoma Bank, Iowa
City, IA, which is maintained by N01-HD-7-3263 of the NICHD). The
following antibodies were used to examine protein expression in germ cells: two
rabbit polyclonal GLD-1 antibodies (gifts from Tim Schedl and Betsy
Goodwin); NOS-2 polyclonal antibodies and a PIE-1 monoclonal (Tenenhaus
et al., 1998; Subramaniam and Seydoux, 1999) (generously provided by
Geraldine Seydoux); rabbit polyclonal specific to POS-1 (V. Marin and T.
Evans, unpublished). Secondary antibodies were from Jackson Labs. Hoechst
dye or DAPI was included in all experiments to visualize nuclei. Images were
acquired using a Zeiss Axiocam with Axiovision software. Cell assignmentswere derived from a combination of cell size, position, cell cycle synchrony (for
AB blastomeres), polar body position (which marks anterior), and the presence
of P granules (for germ cell precursors and their sisters). Control embryos were
dissected either from hermaphrodites fed with induced control (no insert) L4440
bacteria or with OP-50 bacteria; both types of controls showed identical
expression patterns for all antibodies.
Whole mount in situ hybridization
Both sense and antisense RNAprobes were synthesized from PCR templates
(as described above). Digoxigenin-labeled RNA (dig-RNA) was made using
Megascript transcription reagents (Ambion) and digoxigenin-UTP (Roche),
treated with DNAase I, subjected to base hydrolysis, and purified by Sephadex
G-50 size exclusion (Evans et al., 1994). Fixation, hybridization, and alkaline
phosphatase detection conditions were performed by modification of established
procedures (Evans et al., 1994; Seydoux and Fire, 1995). In some experiments, a
fluorescent antibody enhancer system for Dig detection was used (Roche). Sense
probes were tested for all mRNA targets and showed little or no hybridization
signal in all cases (data not shown).Results
Sm proteins are necessary for transcriptional silencing in germ
cell precursors
The splicesomal Sm complex is composed of seven Sm
proteins, SmB, SmD1, SmD2, SmD3, SmE, SmF, and SmG
(Will and Luhrmann, 2001), and each of these proteins has an
ortholog in C. elegans (Barbee et al., 2002). To investigate
whether the Sm proteins regulate germ cell fate, we first asked
if RNAi depletion of SmE and SmG altered transcriptional
quiescence in the germ cell precursor of early embryos. One
indicator of transcriptional activity is the phosphorylated state
of RNA polymerase II (Pol II). The C-terminal domain (CTD)
of Pol II consists of a consensus repeat (YSPTSPS; 42 repeats
in C. elegans) that is phosphorylated on Ser2 and Ser5 of
actively transcribing polymerase (Bentley, 2005). In the C.
elegans embryo, phosphorylated Pol II is detected in somatic
nuclei but is not detected in germ cell precursors until after the
division of P4 later in embryogenesis (Seydoux and Dunn,
1997).
To determine the effect of Sm activity on Pol II
regulation, we stained Sm(RNAi) embryos with antibodies
that specifically recognize the Ser2-phosphorylated form of
Pol II (αPSer2) or an antibody that recognizes both
phosphorylated and unphosphorylated Pol II (αUnCTD). In
control embryos, Pol II was detected in all blastomeres but
Ser2-phosphorylated Pol II was detected only in nuclei of
somatic blastomeres; αPSer2 staining was undetectable in
germ cell precursors of 4- to 44-cell embryos (compare Figs.
2A with C), consistent with previous results (Seydoux and
Dunn, 1997). In contrast, depletion of SmE or SmG caused
premature Pol II phosphorylation in germ cell precursors
(Fig. 2E, Table 1). In SmE(RNAi) embryos, Ser2 phosphor-
ylation first appeared in the germ lineage at the 4-cell stage
and persisted in the germline blastomeres P2, P3, and P4
(Fig. 2E, Table 1, data not shown). Pol II regulation was
very sensitive to SmE and SmG function since premature Pol
II phosphorylation was observed even after partial depletion,
Fig. 2. The Sm proteins are required to silence transcription in the germ cell precursors. Shown in panels A–H are 24- to 28-cell embryos stained with antibodies to all
forms of the Pol II CTD (αUnCTD) or specific for the Pol II CTD phosphorylated on Ser2 (αPSer2). Hoechst stain (blue in lower panels) was used to visualize nuclei.
Control (A–D), SmE(RNAi) (E and F), and uaf-2(RNAi) (G and H) embryos are shown. Germline blastomeres (arrows) were identified by P granule staining, which
was localized normally in these embryos (not shown). Somatic cells in mitosis did not stain with αPSer2 (arrowheads) (Seydoux and Dunn, 1997). The RNAPII-CTD
is phosphorylated in the germ cell precursor of SmE(RNAi) but not uaf-2(RNAi) embryos. Shown in panels I and J is lacZ mRNA staining (red) following fluorescent in
situ hybridization in 8- to 12-cell control (I) or SmE(RNAi) (J) embryos. These zygotic transcripts were made from a pes-10:LacZ embryonic reporter transgene. Panels
K and L show the corresponding Hoechst staining of nuclei; not all nuclei were in focus. Arrows indicate the germ cell precursor P3. SmE(RNAi) but not N2 control
embryos accumulate LacZ transcripts.
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many hatched (Table 1, data not shown). These results
suggest that SmE and SmG are required for transcriptional
silencing. Because Pol II regulation defects were often seen
in embryos with normal P granule localization, Sm control of
Pol II may be distinct from its role in P granule regulation
(see Discussion).Table 1
RNAPII-CTD phosphorylation in germ cell precursors
RNAi % embryos with PSer2






None 3 (143) 0 (N100) 0 (N100)
SmE(RNAi) 24 h c 85 (59) 21 (108) 15 (53)
SmE(RNAi) 36 h 88 (40) 100 (48) –
SmG(RNAi) 36 h c 21 (34) nd d 88 (26)
SmG(RNAi) 48 h 80 (30) 98 (46) –
uaf-2(RNAi) 40 h 0 (74) 100 (112) –
a Eight to 44-cell embryos were scored for staining with αPSer2 against the
Pol II CTD. The fraction of embryos with staining in all P granule-containing
cells was determined from at least three slides derived from independent feeding
plates, n = total number scored. All slides were scored blind.
b Surviving adult progeny of RNAi animals were examined for sterility in a
dissecting microscope.
c Most SmE(RNAi) and SmG(RNAi) embryos at these time points had normal
P granule localization and cell division patterns (data not shown) consistent with
previous observations (Barbee et al., 2002).
d Embryonic arrest was incomplete but was not quantitated.To further test whether Sm proteins repress transcription in
germline blastomeres, we examined the expression of a pes-
10::LacZ reporter by in situ hybridization following SmE
depletion. RNAs synthesized from the pes-10 promoter are
transcribed zygotically in somatic blastomeres of 4- to 28-cell
embryos but are not produced in the germ cell precursor of
normal embryos (Seydoux et al., 1996). Consistent with these
findings, lacZ transcripts from the pes-10:::LacZ transgene
accumulated in somatic blastomeres of control embryos but
were excluded from the germ cell precursor of all embryos
(n = 32) (Fig. 2I). In contrast, following SmE(RNAi), LacZ
mRNA was detected in germline blastomeres of many
embryos, often at levels equal to neighboring somatic cells
(Fig. 2J); 48% of 6- to 24-cell SmE(RNAi) embryos (n = 54)
accumulated LacZ mRNA in germline blastomeres. These
results, together with effects on Pol II phosphorylation,
strongly support the idea that at least some Sm proteins are
necessary to maintain transcriptional quiescence in the germ
cell precursor.
To test whether defects in transcriptional quiescence in
SmE(RNAi) embryos were related to defects in splicing, we
also examined RNAi effects of the core splicing factor
U2AF35 (uaf-2). U2AF35 is a critical 3′ splice site
recognition protein in metazoans including C. elegans
(Merendino et al., 1999; Wu et al., 1999; Zorio and
Blumenthal, 1999). RNAi of uaf-2 caused complete develop-
mental arrest with little or no differentiation or morphogen-
esis, which is typical of strong defects in general gene
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Pol II (Table 1, data not shown) (Powell-Coffman et al.,
1996; Barbee et al., 2002). However, αPSer2 staining
remained undetectable in germ cell precursors of uaf-2
(RNAi) embryos when these embryonic defects were com-
pletely penetrant (Fig. 2G, Table 1). Weak αPSer2 staining
was detected in a few germ cell nuclei after prolonged uaf-2
(RNAi) when animals were becoming sterile and produced
embryos arrested at early stages (data not shown). By
contrast, however, partial inhibition of SmE function caused
premature Ser2 phosphorylation in most germ cell precursors
even when a majority of embryos hatched and grew to
adulthood (Table 1). Furthermore, functional zygotically-
transcribed mRNAs accumulated normally in the cytoplasm
under these conditions, suggesting that mRNA processing
was not severely inhibited (Fig. 2J, data not shown). These
results suggest that an Sm complex controls Pol II
transcriptional silencing by a process distinct from mRNA
splicing. In addition, we also observed that many surviving
SmE(RNAi) and SmG(RNAi) adult animals were sterile with
very few germ cells compared to control animals suggesting
that Sm proteins are necessary for germline proliferation
(Table 1, data not shown). The penetrance of sterility did not
strictly correlate with the penetrance of Pol II phosphoryla-
tion, which may suggest that sterility was not solely caused
by Pol II activation in the early embryo, or that SmE(RNAi)
and SmG(RNAi) animals differed in the kinetics, extent, or
recovery from RNAi-induced defects.Fig. 3. The Sm proteins promote expression of germ cell-specific proteins in the early
(zul54) embryos stained with antibodies against PIE-1, POS-1, NOS-2, or GLD-1 (
indicate the germ cell precursor P4.SmE is necessary to maintain the expression of germ
cell-specific proteins
Several putative RNA-binding proteins (RNABPs) become
restricted to germ cells during early embryogenesis (reviewed in
Seydoux and Schedl, 2001; Spike and Strome, 2003). At least
two of these, PIE-1 and POS-1, are critical for specification of
germ cell fate (Mello et al., 1992; Tabara et al., 1999). In
particular, PIE-1 is necessary for transcriptional silencing
during early germ cell precursor divisions (Seydoux et al.,
1996; Seydoux and Dunn, 1997). Therefore, we determined if
expression or localization of PIE-1 was affected by SmE
depletion. In control embryos, PIE-1 was restricted to the germ
lineage of early embryos as seen previously (Fig. 3A, Table 2)
(Mello et al., 1996). In SmE(RNAi) embryos, PIE-1 localization
occurred normally but levels of PIE-1 were strongly decreased
in the germ cell precursors of most embryos after the 2-cell
stage (Fig. 3B, Table 2). Loss of PIE-1 was most pronounced
after the 4-cell stage, in P3 and P4. PIE-1 expression in oocytes
and one- to two-cell embryos was not strongly altered under
these conditions (Table 2, data not shown). In those SmE(RNAi)
embryos that retained detectable PIE-1, no obvious defect in
PIE-1 localization was observed (data not shown). RNAi of
U2AF35 did not cause reduction in PIE-1 expression (Fig. 3C,
Table 2), suggesting that a general defect in splicing is not
responsible for the loss of PIE-1 in SmE(RNAi) embryos. These
data suggest that SmE is necessary to maintain the expression of
PIE-1 once it is properly localized to the germ cell precursor. Inembryo. Shown are 28 to 50-cell N2 control, SmE(RNAi), uaf-2(RNAi), and pie-1
red, antibodies indicated at left) and Hoechst to visualize nuclei (blue). Arrows
Table 2
Loss of SmE causes defects in germ cell protein expression
Protein a RNAi/
strain b
% embryos with antibody staining in germ cell
precursors (n) c
P1 P2 P3 P4
PIE-1 Control d 100 (52) 100 (32) 100 (124) 100 (85)
SmE RNAi 88 (50) 50 (38) 28 (93) 37 (117)
uaf-2 RNAi 100 (8) 100 (8) 98 (57) 100 (20)
NOS-2 Control nd e 0 (15) 0 (26) 67 (27)
SmE RNAi nd 0 (10) 0 (38) 4 (47)
uaf-2 RNAi nd 0 (20) 11 (27) 100 (17)
POS-1 Control 100 (41) 100 (34) 100 (119) 100 (70)
SmE RNAi 100 (48) 100 (75) 100 (199) 87 (104)
uaf-2 RNAi 100 (16) 100 (11) 100 (16) 100 (18)
pie-1(zu154) 100 (5) 100 (5) 100 (41) 100 (10)
GLD-1 Control nd e nd e 87 (54) 97 (68)
SmE RNAi nd nd 34 (35) 10 (31)
uaf-2 RNAi nd nd 89 (28) 96 (25)
pie-1(zu154) nd nd 13 (32) 5 (39)
a All proteins were detected by immunofluorescence.
b RNAi was done by feeding for 36–38 h. For SmE and uaf-2 RNAi,
embryonic arrest was 90–100% in all experiments.
c For each antibody, the fraction of embryos with detectable staining in germ
cell precursors was determined from 2–6 slides derived from independent
feeding plates; n = total number scored. Two-cell (P1), 4- to 6-cell (P2), 8- to 12-
cell (P3), and 24- to 44-cell (P4) embryos were scored separately. All slides were
scored blind. In SmE(RNAi) embryos, many embryos scored as positive had
reduced staining for PIE-1 and GLD-1 relative to empty vector and uaf-2
controls (not shown).
d Control embryos were from N2 animals fed on induced HT115 bacteria with
empty L4440 vector, or on OP-50 bacteria. Both controls had indistinguishable
expression patterns for all antibodies tested.
e nd = not determined.
137S.A. Barbee, T.C. Evans / Developmental Biology 291 (2006) 132–143contrast, loss of SmE function did not substantially alter POS-1
maintenance or localization (Fig. 3H, Table 2). Similarly, pie-1
(zu154) mutant embryos also did not cause loss of POS-1
expression (Fig. 3J, Table 2). The pie-1(zu154) allele is likely to
be a strong loss-of-function or null allele since PIE-1 protein
was undetectable in pie-1(zu154) gonads and embryos (data not
shown; Tenenhaus et al., 1998). Therefore, the mechanisms thatFig. 4. SmE depletion does not affect maintenance of maternal mRNAs. Maternal mR
directed against pie-1mRNA (A–D), and gld-1mRNA (E–H). For pie-1mRNA, 2 ce
cell (E and G) and 24- to 28-cell (F and H) embryos are shown. For both RNAs, mRN
cell precursor after the 4-cell stage; SmE RNAi (C, D, G, and H) did not significanrestrict and maintain POS-1 in germ cell precursors are
independent of PIE-1 and, possibly, the Sm proteins. Alterna-
tively, the extent of SmE loss by RNAi may have been
insufficient to affect POS-1 expression.
To test whether Sm proteins control PIE-1 expression by
regulating levels or distribution of maternal pie-1 mRNA,
SmE(RNAi) embryos were examined by in situ hybridization
with a pie-1 RNA probe. No substantial effects of SmE
depletion on pie-1 mRNAwere observed (Fig. 4, Table S1). In
SmE(RNAi) and control embryos, pie-1 mRNA was readily
detected in gonads (not shown), in both blastomeres of 2-cell
embryos (Figs. 4A and C), and was progressively restricted to
germline blastomeres past the 28-cell stage (Figs. 4B and D,
Table S1). A small decrease in the number of SmE(RNAi)
embryos with pie-1 transcripts in P4 may have occurred, but
no obvious loss was observed in P3 (Table S1), where PIE-1
protein levels were strongly reduced (Table 2). Although
subtle effects on RNA levels cannot be ruled out, these results
suggest that Sm proteins promote PIE-1 maintenance
primarily by controlling PIE-1 translation or protein stability.
SmE depletion also had no effect on the germline maintenance
of pos-1, gld-1, or glp-1 maternal mRNAs (Fig. 4, Table S1,
data not shown). Therefore, either the stabilization of these
maternal mRNAs does not depend on Sm complex activity, or
Sm function was not sufficiently depleted in these experiments
to disrupt this function.
PIE-1 is also required to activate expression of NOS-2, a C.
elegans homolog to Drosophila Nanos, following generation of
the primordial germ cell P4 (Tenenhaus et al., 2001). Thus, if
PIE-1 function is inhibited by Sm depletion, then NOS-2
expression should be lost. To test this prediction, we examined
NOS-2 immunostaining in SmE(RNAi) embryos. In control
embryos, NOS-2 was detected in the germline blastomere P4 of
most embryos as was seen previously (Fig. 3D, Table 2)
(Subramaniam and Seydoux, 1999). When SmE was depleted
by RNAi, very few embryos stained for NOS-2 in P4 (Fig. 3B,
Table 2). In contrast, NOS-2 expression in uaf-2(RNAi)
embryos was not inhibited (Fig. 3F, Table 2). This suggestsNAs were examined by in situ hybridization using digoxygenin-labeled probes
ll (A and C) and 14- to 16-cell (B and D) embryos are shown. For gld-1mRNA, 2
Awas detected in both cells at the 2-cell stage, but is restricted mostly to the germ
tly alter this pattern under these conditions.
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germ cell P4 requires Sm protein activity.
PIE-1 and Sm proteins control GLD-1 expression in germ cell
precursors independently of transcriptional silencing
The KH domain RNA binding protein GLD-1 is an
important translational regulator of many mRNAs in the
germline and embryo (Jones et al., 1996; Jan et al., 1999; Lee
and Schedl, 2001; Xu et al., 2001; Marin and Evans, 2003;
Mootz et al., 2004; Schumacher et al., 2005). GLD-1 is
expressed at two distinct times of development (Jones et al.,
1996). In the adult gonad, it is expressed in early meiotic germ
cells of the distal arm. In the early embryo, GLD-1 is localized
to posterior blastomeres of early embryos, where it is
progressively restricted to germ cell precursors like PIE-1 and
POS-1. The mechanisms that restrict GLD-1 to germline
blastomeres in the embryo are not known. To test whether Sm
proteins or PIE-1 regulate GLD-1, we examined GLD-1
staining in SmE(RNAi) and pie-1(zu154) embryos and gonads.
In control embryos, GLD-1 staining was enriched in the
cytoplasm and P granules of most germ cell precursors (Fig. 3K,
Table 2). Depletion of SmE, but not depletion of U2AF35,
resulted in a significant reduction of GLD-1 expression in the
germline blastomeres P3 and P4 of most embryos (Figs. 3L and
M, Table 2). Similarly, GLD-1 expression was also strongly
reduced in the germline blastomeres P3 and P4 of most pie-1
(zu154) embryos (Fig. 3N, Table 2). No obvious loss of GLD-1
was detected in the distal arms of adult gonads in either pie-1
(zu154) or SmE(RNAi) animals (data not shown) suggesting that
embryonic loss of GLD-1 was not due to defective gld-1
expression in the gonad. Consistent with this idea, SmE
depletion did not obviously affect gld-1 mRNA levels,
distribution, or maintenance under these conditions (Figs. 4G
and H, Table S1). Thus, the Sm proteins likely control GLD-1
translation or protein stability rather than stability or production
of maternal gld-1 mRNA, and may do so indirectly through
regulation of PIE-1 levels.
The loss of GLD-1 expression in pie-1(zu154) and SmE
(RNAi) germ cell precursors could be a consequence of
premature transcriptional activation. If this were true, then
blocking transcription should restore GLD-1 expression in pie-1
mutant or Sm depleted embryos. To test this prediction, the
RNA Pol II large subunit (ama-1) was depleted by RNAi in pie-
1(zu154) animals. Pol II depletion did not significantly suppress
GLD-1 loss in pie-1(zu154) embryos; GLD-1 was undetectable
in 92% of pie-1(zu154) embryos (n = 71) and in 87% of pie-1
(zu154);ama-1(RNAi) embryos (n = 23). By contrast, Pol II
depletion completely or nearly completely suppressed intestinal
development in arrested pie-1(zu154) embryos that were
generated at the same time as those fixed for GLD-1 staining
(see Materials and methods). Intestinal cell granules were
prominent in all terminally-arrested pie-1(zu154) embryos
(n = 28), but were undetectable in all pie-1(zu154);ama-1
(RNAi) embryos examined (n = 29) (Fig. S1). All pie-1(zu154);
ama-1(RNAi) embryos arrested at an early stage without any
obvious differentiated cell types similar to the phenotype ofama-1(RNAi) alone, further suggesting that general transcrip-
tion was strongly inhibited (Fig. S1, data not shown) (Powell-
Coffman et al., 1996). Pol II RNAi alone had no effect on GLD-
1 expression; GLD-1 was absent in only 6% of ama-1(RNAi)
embryos (n = 63) and 5% of non-injected controls (n = 79).
These results argue that PIE-1 promotes GLD-1 translation or
stabilizes GLD-1 protein by a pathway that is independent of
transcriptional silencing. Given these results, the Sm proteins
are also likely to control GLD-1 posttranscriptionally, although
we could not directly test this due to non-specific suppression of
SmE RNAi by additional double stranded RNAs (data not
shown) (Parrish et al., 2000).
The Sm proteins control asymmetric division of the P2
blastomere
In a previous study, we found that Sm proteins are necessary
for P granule localization during asymmetric divisions of the
germ cell precursors (Barbee et al., 2002). PIE-1 is also
important for proper restriction of P-granules to primordial
germ cells (Mello et al., 1992). During this study, however, we
noticed differences in how Sm proteins and PIE-1 affected these
asymmetric cell divisions. In wild type embryos, the germ cell
precursor P2 divides unequally at the 7- to 8-cell stages,
localizing P granules exclusively to the P3 blastomere, which
does not divide again until the 15- to 24-cell stages (see Fig. 1)
(Deppe et al., 1978; Strome and Wood, 1983). In SmE(RNAi)
embryos, P granules were often mislocalized at the 8- to 14-cell
stages (Figs. 5E and F); 57% of SmE(RNAi) embryos had P
granules in multiple cells at these stages after 36h of RNAi
(n = 28). This suggests defects in the polarity or asymmetric
division of the P2 blastomere. Furthermore, some SmE(RNAi) 8-
to 14-cell embryos contained up to four nuclei that were
associated with P granules and appeared to have divided prior to
anterior blastomeres (ABs) of the equivalent stage (Figs. 5E and
F). In wild type embryos, AB descendants always divide before
germ cell precursors of the same stage (data not shown, see Fig.
1) (Deppe et al., 1978). This result suggests that SmE depletion
caused precocious cell division of the P2 blastomere and
possibly its daughters. To determine if asymmetry defects could
be detected at earlier embryonic stages, we examined 2- to 6-
cell embryos. No obvious defects in P granule localization to or
within the P1 blastomere were detected in 2- to 3-cell SmE
(RNAi) embryos, and the relative timing of AB and P1 divisions
appeared normal based on DAPI staining (n = 19). However,
various defects were seen in late 4- to 7-cell SmE(RNAi)
embryos. In 50% of SmE(RNAi) embryos at these stages, P
granules were unlocalized within the P2 blastomere (n = 22)
(Fig. 6B), and 9% had P granules that were localized within P2
but towards the dorsal side of the cell (compare Figs. 6C with
A). By contrast, all control embryos at the late 4- to 6-cell stages
contained P granules that were localized within the ventral
cytoplasm of P2 (n = 10) (Fig. 6A), as expected from previous
studies (Strome and Wood, 1983; Hird et al., 1996). SmE
depletion also induced apparent precocious division of P2 nuclei
in 29% of 4- to 6-cell embryos (n = 17) (Fig. 6B). These results
suggest that SmE depletion caused defects in polarity and
Fig. 5. Sm proteins control P granule localization and cell divisions of early germ cell precursors. Embryos were stained with antibodies to the P granule component
PGL-1 (green) and with DAPI to label nuclei (blue). Anterior is to the left and dorsal is up in all panels. See Fig. 1 for cell nomenclature. (A) A control late 4-cell
embryo; P granules were localized to the ventral side of the P2 nucleus (arrow), the AB nuclei (asterisks) were in late mitotic telophase, and EMS (arrowhead) was in
metaphase. (B) A late 4-cell SmE(RNAi) embryo; P granules were not localized within the cytoplasm of P2, which contained two nuclei (arrows) in late telophase,
indicating that P granules would likely have been distributed equally to two P2 daughters. The two AB nuclei (ABa and ABp, asterisks) were beginning chromosome
condensation. EMS appeared to also contain two nuclei (arrowheads). The unmarked DAPI and P granule staining in this image was from neighboring tissue. In
control and pie-1(zu154) embryos, all late 4-cell embryos with condensing AB nuclei contained a single P2 interphase nucleus, a single EMS interphase nucleus, and P
granules ventrally-localized within P2 (data not shown). (C) A 6-cell SmE(RNAi) embryo; blastomeres showed normal cell division patterns but P granules were
localized inappropriately to the dorsal cytoplasm of P2 (arrow). EMS was in anaphase (arrowhead) and four AB nuclei were in interphase (unmarked). (D) A 14-cell
pie-1(zu154) embryo; P granule localization to P3 (arrow) and cell cycle patterns were indistinguishable from wild type (not shown) at this stage. (E and F) Two focal
planes of an 8- to10-cell SmE(RNAi) embryo. P granules are detected around four posterior nuclei (arrows). Four presumed AB descendents were seen based on their
synchronous metaphase nuclei and positions; asterisks in panel E mark three of these. Two additional presumed posterior nuclei that lack P granules were also present.
All wild type control and pie-1(zu154) embryos with four dividing AB descendents had only four posterior nuclei (MS, E, C, and P3) (data not shown).
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EMS nucleus appeared to have divided prematurely in two SmE
(RNAi) embryos (Fig. 6B). This finding suggests either
additional defects in somatic blastomeres, subtle defects in the
germ lineage earlier than the 4-cell stage, or defective signaling
by P2 that alters the EMS cell cycle. Because cell cycle periods
were not directly measured in live embryos, it is also possible
that AB division timing was altered (e.g. slowed) relative to
posterior cells following SmE(RNAi). Regardless, we concludeFig. 6. Model for Sm protein regulation of germ cell precursors. In this model,
Sm/RNA complexes (Sm RNPs) regulate one or more mRNAs that control
asymmetric division and cell cycle periods of germ cell precursors beginning at
the P2 stage. Sm RNPs could inhibit or activate mRNAs, the outcome of which is
necessary for proper polarity and timing of division. Although this model
implies Sm function within P2, Sm RNPs could function in other cells or at other
times. At the P2 stage, asymmetry is induced in part by MES-1/SRC-1 signaling
from the EMS blastomere (Berkowitz and Strome, 2000; Bei et al., 2002). Sm
RNPs are proposed to influence processes parallel to and downstream of this
signaling pathway but control of upstream events is also possible. P2 asymmetry
leads to the localization of P granules and PIE-1. Sm RNPs are also proposed to
regulate PIE-1 expression independently of P granule and PIE-1 localization
mechanisms (see Discussion). Additional regulators of germ cell fate are not
depicted for simplicity.that SmE function is required for polarity and cell division
control at least as early as the 4-cell stage. By contrast, pie-1
(zu154) embryos had P granule localization and division
patterns that were indistinguishable from wild type embryos
up until the 24-cell stage (Fig. 6D, data not shown). For
example, all 8- to 14-cell pie-1(zu154) embryos contained a
single P3 blastomere with normally localized P granules (n = 22)
(Fig. 6D). P granule mislocalization and precocious divisions
were not detected in pie-1(zu154) embryos until after the birth
of P4, at 24-cell and older stages (data not shown), consistent
with previous analyses of pie-1 function (Mello et al., 1992).
Therefore, the Sm proteins regulate the asymmetry and relative
timing of early germ cell precursor divisions by a process that
does not depend on PIE-1 function.
Discussion
The results presented here suggest that Sm proteins control
germ cell determination in the C. elegans embryo by
influencing several different processes. The Sm proteins are
necessary for transcriptional silencing and promote expression
of the RNA binding proteins NOS-2 and GLD-1 in germ cell
precursors. Because Sm proteins are necessary to maintain
expression of the CCCH protein PIE-1, the simplest
hypothesis is that they control transcription, GLD-1, and
NOS-2 indirectly by maintaining PIE-1 levels. The Sm
proteins also control the asymmetry and relative timing of
germline blastomere divisions by a process that is independent
of PIE-1 function. The Sm proteins presumably regulate one
or more unknown factors to influence P granule localization
and germ lineage divisions.
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cell precursor regulation (Fig. 6). In C. elegans, germ cell
specification depends on a complex series of events. Four
asymmetric cell divisions generate the germ cell precursors.
Two distinct polarity systems govern these cell divisions and
involve both cell autonomous and non-autonomous pathways
(Strome et al., 1995; Hird et al., 1996; Bei et al., 2002; Nance,
2005). These polarity systems mediate the localization of P
granules and various proteins like PIE-1 to the germ lineage
(Kemphues et al., 1988; Hird et al., 1996; Tenenhaus et al.,
1998; Reese et al., 2000; Schubert et al., 2000). We suggest that
Sm proteins regulate the second phase of polarity in the P2 and
P3 blastomeres (Fig. 6). Our previous results indicated that the
Sm proteins control P granule dynamics, nuclear attachment,
and integrity (Barbee et al., 2002). Thus, the Sm proteins could
control P granule responses to the signals that induce P2
polarity. This function could in turn be necessary for cell
division timing and PIE-1 maintenance. However, several
observations suggest that Sm control of P granules may be
distinct from PIE-1 regulation. First, defects in Pol II repression
were detected in many SmE(RNAi) and SmG(RNAi) embryos in
which P granule localization and germ cell divisions were
normal (Fig. 2, Table 1, data not shown). Second, PIE-1 levels
were strongly reduced in many SmE(RNAi) embryos but defects
in PIE-1 localization were not seen, perhaps because PIE-1 was
undetectable in embryos with sufficiently perturbed asymmetry.
By contrast, specific disruption of P2 and P3 asymmetry in mes-
1 and mex-1mutants causes defective localization of both PIE-1
and P-granules, but does not dramatically affect PIE-1 levels
(Mello et al., 1992; Strome et al., 1995; Tenenhaus et al., 1998).
Cell cycle timing may also be independent of P granule
localization and PIE-1 maintenance since pos-1 mutants
significantly shorten the P2 cell cycle without interfering with
P granule localization or PIE-1 expression at this stage (Tabara
et al., 1999) (S.B. and T.E. unpublished data). In addition, the
cell division defects induced by Sm depletion may be more
severe than those reported for mes-1 and pos-1 (Strome et al.,
1995; Tabara et al., 1999). Therefore, we suggest that the Sm
proteins either influence an unknown regulator of several
processes or they control more than one factor. Given that Sm
complexes are broad based regulators of RNA (discussed
below), a reasonable prediction is that Sm proteins regulate
multiple targets.
Posttranscriptional regulation of maternal GLD-1 in the early
embryo
The factors that control localization of the KH domain
protein GLD-1 in the embryo were previously unknown. We
found that both Sm proteins and PIE-1 promote GLD-1
expression in the germ cell precursors. These factors are likely
to control only part of the GLD-1 expression pattern since low
levels of GLD-1 accumulate and are properly localized even in
pie-1 null mutant embryos (Table 2, data not shown). Once the
embryonic expression pattern is established by other factors, the
Sm proteins and PIE-1 may be important to maintain GLD-1
levels. It is likely that Sm proteins and PIE-1 influencetranslation of gld-1 mRNA or stability of GLD-1 protein.
This function is separate from transcriptional silencing since
GLD-1 loss occurred whether embryonic transcription was
inhibited (in pie-1(lf);ama-1(RNAi) embryos) or activated (in
pie-1(lf) or SmE(RNAi) embryos). Consistent with this idea,
PIE-1 also promotes activation of NOS-2 expression separately
from transcriptional quiescence, and utilizes distinct protein
domains for these two functions (Tenenhaus et al., 2001).
Therefore, PIE-1 may control a number of factors posttran-
scriptionally in the germ blast cytoplasm. Alternatively, PIE-1
may promote GLD-1 accumulation, which in turn is needed to
activate NOS-2 expression. The Sm proteins may participate in
this process by maintaining PIE-1 levels.
Regulation of maternal RNAs by Sm complexes
The Sm proteins form RNA-binding complexes, and thus are
likely to control germ cell fate by regulating RNAs. For several
reasons, this activity is likely distinct from mRNA splicing.
First, strong depletion of other splicing factors does not
significantly alter germ cell precursor behavior in the early
embryo while even subtle reductions of Sm activity cause germ
lineage defects (this study; Barbee et al., 2002). Second, Sm
depletion caused loss of RNA binding proteins in the embryo
without dramatically altering the levels or distribution of their
maternal mRNAs. Finally, the asymmetric divisions and
specification of germ cell precursors are largely if not
exclusively mediated by maternal factors in the absence of
transcription (Seydoux and Schedl, 2001). Therefore, we
suggest that Sm proteins control germ cell fate by regulating
maternal mRNAs after their transcription and processing. The
maternal mRNA targets are unknown at present. For PIE-1
regulation, Sm function is likely indirect because PIE-1 is
predominantly regulated by protein degradation (Reese et al.,
2000). A reasonable scenario is that the Sm proteins are
required to repress an mRNA that encodes a PIE-1 destabilizing
factor. The complexities of Sm function in the early embryo
suggest that additional unknown maternal mRNAs are also
involved.
Sm proteins could control maternal mRNAs directly or
indirectly. In budding yeast, the Sm-related Lsm proteins
associate with mature mRNAs in the cytoplasm (Tharun and
Parker, 2001). In bacteria, the Sm-like Hfq protein associates
with and regulates mRNAs directly (Masse et al., 2003;
Vecerek et al., 2003; Zhang et al., 2003a; Geissmann and
Touati, 2004; Valentin-Hansen et al., 2004). In C. elegans, the
maternal protein CAR-1, which contains a divirgent Sm-like
domain, is found in cytoplasmic particles and could participate
in maternal mRNA control during oogenesis and embryogen-
esis (Audhya et al., 2005; Boag et al., 2005; Squirrell et al., in
press). These various studies suggest that Sm-like proteins are
broadly involved in regulating cytoplasmic mRNAs. Thus, the
Sm proteins may associate directly with maternal mRNAs to
modulate their translation or stability. Alternatively, given the
known role of the Sm family in various RNA processing
events, the Sm proteins may control maternal mRNAs
indirectly. For example, they could regulate the formation of
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the cytoplasm.
The mechanisms of Sm function may involve novel Sm
complexes containing small non-coding RNAs (ncRNAs).
The Sm proteins assemble with the ncRNAs that catalyze
splicing (Will and Luhrmann, 2001). While it is conceivable
that the known snRNPs could have some alternative non-
splicing effects on germ cell development, a simpler
hypothesis is that a novel Sm RNP complex is involved in
germ cell fate regulation. We found that at least four of the
seven known Sm subunits in snRNPs control events in germ
cell precursors, suggesting that the protein core of this
putative Sm RNP is similar if not identical to the known Sm
snRNPs (this study; Barbee et al., 200; A. Nguyen and T.
Evans, unpublished). Thus, the RNA partners and targets for
the Sm proteins may be unique for germ cell fate regulation.
In eukaryotes, several studies suggest additional ncRNA
targets for Sm and Lsm proteins (Seto et al., 1999; Pillai et
al., 2003; Beggs, 2005). Moreover, in E. coli, the Sm-like Hfq
protein binds up to 30 different small ncRNAs that regulate
specific mRNA targets (Masse et al., 2003; Zhang et al.,
2003a). Therefore, Sm-like proteins may function as broad
based assembly factors for numerous small RNPs, where
specificity is dictated primarily by the ncRNA component.
The Sm complex could similarly regulate specific mRNAs
through unknown ncRNAs in the worm embryo and other
eukaryotes. In Drosophila germ cells, the polar granule
component (pgc) gene is predicted to produce a non-coding
RNA that is required for germline transcriptional silencing
(Nakamura et al., 1996; Deshpande et al., 2004; Martinho et
al., 2004). In addition, diverse small ncRNAs called
microRNAs (miRNAs) are common to animals including
humans, and they likely regulate mRNAs posttranscriptionally
(Ambros, 2004; Bartel, 2004). An Sm complex could
somehow be involved directly or indirectly with one or
more of these classes of non-coding RNAs.
The specific mechanisms of Sm function in the worm
embryo are unlikely to be unique to C. elegans. Sm antibodies
detect particles in germ granule precursors of Xenopus oocytes
and in potentially related RNP structures in mouse sperma-
tozoa (Moussa et al., 1994; Toyooka et al., 2000; Chuma et
al., 2003; Bilinski et al., 2004). Thus, some aspects of germ
cell control by Sm proteins may be conserved. It will be
important to identify RNA targets for the Sm proteins,
determine their functions, and dissect their molecular mechan-
isms to determine the importance and conservation of Sm
proteins in regulating animal development.Acknowledgments
We would like to thank David Bentley, Betsy Goodwin,
Geraldine Seydoux, Tim Schedl, and Susan Strome for
generously providing antibodies and other reagents that were
essential to these studies. We would also like to thank Steve
Britt, Joan Hooper, and Tom Finger for use of equipment.
Many thanks also to Tom Blumenthal, David Bentley, PegMacMorris, Joan Hooper, Steve Britt, and Veronica Marin for
advice and discussions that were important to this work. We
also thank the C. elegans Genetics Center (CGC) for
providing strains. This work was supported by NSF grants
9982944 and 0345386 to T.C.E.
Appendix A. Supplementary data
Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.ydbio.2005.12.011.References
Ambros, V., 2004. The functions of animal microRNAs. Nature 431, 350–355.
Audhya, A., Hyndman, F., McLeod, I.X., Maddox, A.S., Yates III, J.R., Desai,
A., Oegema, K., 2005. A complex containing the Sm protein CAR-1 and the
RNA helicase CGH-1 is required for embryonic cytokinesis in Caenorhab-
ditis elegans. J. Cell Biol. 171, 267–279.
Barbee, S., Lublin, A., Evans, T., 2002. A novel function for the Sm proteins in
germ granule localization during C. elegans embryogenesis. Curr. Biol. 12,
1502.
Bartel, D.P., 2004. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116, 281–297.
Batchelder, C., Dunn, M.A., Choy, B., Suh, Y., Cassie, C., Shim, E.Y., Shin, T.
H., Mello, C., Seydoux, G., Blackwell, T.K., 1999. Transcriptional
repression by the Caenorhabditis elegans germ-line protein PIE-1. Genes
Dev. 13, 202–212.
Beggs, J.D., 2005. Lsm proteins and RNA processing. Biochem. Soc. Trans. 33,
433–438.
Bei, Y., Hogan, J., Berkowitz, L.A., Soto, M., Rocheleau, C.E., Pang, K.M.,
Collins, J., Mello, C.C., 2002. SRC-1 and Wnt signaling act together to
specify endoderm and to control cleavage orientation in early C. elegans
embryos. Dev. Cell 3, 113–125.
Bentley, D.L., 2005. Rules of engagement: co-transcriptional recruitment of pre-
mRNA processing factors. Curr. Opin. Cell Biol. 17, 251–256.
Berkowitz, L.A., Strome, S., 2000. MES-1, a protein required for unequal
divisions of the germline in early C. elegans embryos, resembles receptor
tyrosine kinases and is localized to the boundary between the germline and
gut cells. Development 127, 4419–4431.
Bilinski, S.M., Jaglarz, M.K., Szymanska, B., Etkin, L.D., Kloc, M., 2004. Sm
proteins, the constituents of the spliceosome, are components of nuage and
mitochondrial cement in Xenopus oocytes. Exp. Cell Res. 299, 171–178.
Boag, P.R., Nakamura, A., Blackwell, T.K., 2005. A conserved RNA–protein
complex component involved in physiological germline apoptosis regula-
tion in C. elegans. Development 132, 4975–4986.
Bouveret, E., Rigaut, G., Shevchenko, A., Wilm, M., Seraphin, B., 2000. A Sm-
like protein complex that participates in mRNA degradation. EMBO J. 19,
1661–1671.
Chuma, S., Hiyoshi, M., Yamamoto, A., Hosokawa, M., Takamune, K.,
Nakatsuji, N., 2003. Mouse Tudor Repeat-1 (MTR-1) is a novel component
of chromatoid bodies/nuages in male germ cells and forms a complex with
snRNPs. Mech. Dev. 120, 979–990.
Deppe, U., Schierenberg, E., Cole, T., Krieg, C., Schmitt, D., Yoder, B., von
Ehrenstein, G., 1978. Cell lineages of the embryo of the nematode
Caenorhabditis elegans. Proc. Natl. Acad. Sci. U. S. A. 75, 376–380.
Deshpande, G., Calhoun, G., Schedl, P., 2004. Overlapping mechanisms
function to establish transcriptional quiescence in the embryonic Drosophila
germline. Development 131, 1247–1257.
Draper, B.W., Mello, C.C., Bowerman, B., Hardin, J., Priess, J.R., 1996. MEX-3
is a KH domain protein that regulates blastomere identity in early C. elegans
embryos. Cell 87, 205–216.
Evans, T.C., Crittenden, S.L., Kodoyianni, V., Kimble, J., 1994. Translational
control of maternal glp-1 mRNA establishes an asymmetry in the C. elegans
embryo. Cell 77, 183–194.
Geissmann, T.A., Touati, D., 2004. Hfq, a new chaperoning role: binding to
142 S.A. Barbee, T.C. Evans / Developmental Biology 291 (2006) 132–143messenger RNA determines access for small RNA regulator. EMBO J. 23,
396–405.
Guedes, S., Priess, J.R., 1997. The C. elegans MEX-1 protein is present in
germline blastomeres and is a P granule component. Development 124,
731–739.
Hird, S.N., Paulsen, J.E., Strome, S., 1996. Segregation of germ granules in
living Caenorhabditis elegans embryos: cell-type-specific mechanisms for
cytoplasmic localisation. Development 122, 1303–1312.
Houston, D.W., King, M.L., 2000. Germ plasm and molecular determinants of
germ cell fate. Curr. Top. Dev. Biol. 50, 155–181.
Jan, E., Motzny, C.K., Graves, L.E., Goodwin, E.B., 1999. The STAR protein,
GLD-1, is a translational regulator of sexual identity in Caenorhabditis
elegans. EMBO J. 18, 258–269.
Jones, A.R., Francis, R., Schedl, T., 1996. GLD-1, a cytoplasmic protein
essential for oocyte differentiation, shows stage- and sex-specific expression
during Caenorhabditis elegans germline development. Dev. Biol. 180,
165–183.
Kamath, R.S., Martinez-Campos, M., Zipperlen, P., Fraser, A.G., Ahringer, J.,
2001. Effectiveness of specific RNA-mediated interference through ingested
double-stranded RNA in Caenorhabditis elegans. Genome 2.
Kemphues, K.J., Priess, J.R., Morton, D.G., Cheng, N.S., 1988. Identification of
genes required for cytoplasmic localization in earlyC. elegans embryos. Cell
52, 311–320.
Leatherman, J.L., Jongens, T.A., 2003. Transcriptional silencing and transla-
tional control: key features of early germline development. Bioessays 25,
326–335.
Lee, M.H., Schedl, T., 2001. Identification of in vivo mRNA targets of GLD-1, a
maxi-KH motif containing protein required for C. elegans germ cell
development. Genes Dev. 15, 2408–2420.
Marin, V.A., Evans, T.C., 2003. Translational repression of a C. elegans Notch
mRNA by the STAR/KH domain protein GLD-1. Development 130,
2623–2632.
Martinho, R.G., Kunwar, P.S., Casanova, J., Lehmann, R., 2004. A noncoding
RNA is required for the repression of RNApolII-dependent transcription in
primordial germ cells. Curr. Biol. 14, 159–165.
Masse, E., Majdalani, N., Gottesman, S., 2003. Regulatory roles for small RNAs
in bacteria. Curr. Opin. Microbiol. 6, 120–124.
Mello, C.C., Draper, B.W., Krause, M., Weintraub, H., Priess, J.R., 1992. The
pie-1 and mex-1 genes and maternal control of blastomere identity in early
C. elegans embryos. Cell 70, 163–176.
Mello, C.C., Schubert, C., Draper, B., Zhang, W., Lobel, R., Priess, J.R., 1996.
The PIE-1 protein and germline specification in C. elegans embryos. Nature
382, 710–712.
Merendino, L., Guth, S., Bilbao, D., Martinez, C., Valcarcel, J., 1999. Inhibition
of msl-2 splicing by Sex-lethal reveals interaction between U2AF35 and the
3′ splice site AG. Nature 402, 838–841.
Moller, T., Franch, T., Hojrup, P., Keene, D.R., Bachinger, H.P., Brennan, R.G.,
Valentin-Hansen, P., 2002. Hfq: a bacterial Sm-like protein that mediates
RNA–RNA interaction. Mol. Cell 9, 23–30.
Mootz, D., Ho, D.M., Hunter, C.P., 2004. The STAR/Maxi-KH domain protein
GLD-1 mediates a developmental switch in the translational control of C.
elegans PAL-1. Development 131, 3263–3272.
Moussa, F., Oko, R., Hermo, L., 1994. The immunolocalization of small nuclear
ribonucleoprotein particles in testicular cells during the cycle of the
seminiferous epithelium of the adult rat. Cell Tissue Res. 278, 363–378.
Nakamura, A., Amikura, R., Mukai, M., Kobayashi, S., Lasko, P.F., 1996.
Requirement for a noncoding RNA in Drosophila polar granules for germ
cell establishment. Science 274, 2075–2079.
Nance, J., 2005. PAR proteins and the establishment of cell polarity during C.
elegans development. Bioessays 27, 126–135.
Parrish, S., Fleenor, J., Xu, S., Mello, C., Fire, A., 2000. Functional anatomy of a
dsRNA trigger: differential requirement for the two trigger strands in RNA
interference. Mol. Cell 6, 1077–1087.
Pillai, R.S., Grimmler, M., Meister, G., Will, C.L., Luhrmann, R., Fischer, U.,
Schumperli, D., 2003. Unique Sm core structure of U7 snRNPs: assembly
by a specialized SMN complex and the role of a new component, Lsm11, in
histone RNA processing. Genes Dev. 17, 2321–2333.
Powell-Coffman, J.A., Knight, J., Wood, W.B., 1996. Onset of C. elegansgastrulation is blocked by inhibition of embryonic transcription with an
RNA polymerase antisense RNA. Dev. Biol. 178, 472–483.
Reese, K.J., Dunn, M.A., Waddle, J.A., Seydoux, G., 2000. Asymmetric
segregation of PIE-1 in C. elegans is mediated by two complementary
mechanisms that act through separate PIE-1 protein domains. Mol. Cell 6,
445–455.
Schnabel, R., Weigner, C., Hutter, H., Feichtinger, R., Schnabel, H., 1996. mex-
1 and the general partitioning of cell fate in the early C. elegans embryo.
Mech. Dev. 54, 133–147.
Schroeder, S.C., Schwer, B., Shuman, S., Bentley, D., 2000. Dynamic
association of capping enzymes with transcribing RNA polymerase II.
Genes Dev. 14, 2435–2440.
Schubert, C.M., Lin, R., de Vries, C.J., Plasterk, R.H., Priess, J.R., 2000. MEX-
5 and MEX-6 function to establish soma/germline asymmetry in early C.
elegans embryos. Mol. Cell 5, 671–682.
Schumacher, B., Hanazawa, M., Lee, M.H., Nayak, S., Volkmann, K., Hofmann,
R., Hengartner, M., Schedl, T., Gartner, A., 2005. Translational repression of
C. elegans p53 by GLD-1 regulates DNA damage-induced apoptosis. Cell
120, 357–368.
Seto, A.G., Zaug, A.J., Sobel, S.G., Wolin, S.L., Cech, T.R., 1999.
Saccharomyces cerevisiae telomerase is an Sm small nuclear ribonucleo-
protein particle. Nature 401, 177–180.
Seydoux, G., Dunn, M.A., 1997. Transcriptionally repressed germ cells lack a
subpopulation of phosphorylated RNA polymerase II in early embryos of
Caenorhabditis elegans and Drosophila melanogaster. Development 124,
2191–2201.
Seydoux, G., Fire, A., 1994. Soma-germline asymmetry in the distributions of
embryonic RNAs in Caenorhabditis elegans. Development 120,
2823–2834.
Seydoux, G., Fire, A., 1995. Whole-mount in situ hybridization for the detection
of RNA in Caenorhabditis elegans embryos. Methods Cell Biol. 48,
323–337.
Seydoux, G., Schedl, T., 2001. The germline inC. elegans: origins, proliferation,
and silencing. Int. Rev. Cytol. 203, 139–185.
Seydoux, G., Mello, C.C., Pettitt, J., Wood, W.B., Priess, J.R., Fire, A., 1996.
Repression of gene expression in the embryonic germ lineage of C. elegans.
Nature 382, 713–716.
Spike, C.A., Strome, S., 2003. Germ plasm: protein degradation in the soma.
Curr. Biol. 13, R837–R839.
Squirrell, J.M., Eggers, Z.T., Luedke, N., Saari, B., Grimson, A., Lyons, G.E.,
Anderson, P., White, J.G., in press. CAR-1, a protein that localizes with the
mRNA decapping component DCAP-1, is required for cytokinesis and ER
organization in C. elegans embryos. Mol. Biol. Cell.
Strome, S., Wood, W.B., 1983. Generation of asymmetry and segregation of
germ-line granules in early C. elegans embryos. Cell 35, 15–25.
Strome, S., Martin, P., Schierenberg, E., Paulsen, J., 1995. Transformation of the
germ line into muscle in mes-1 mutant embryos of C. elegans. Development
121, 2961–2972.
Subramaniam, K., Seydoux, G., 1999. nos-1 and nos-2, two genes related to
Drosophila nanos, regulate primordial germ cell development and survival
in Caenorhabditis elegans. Development 126, 4861–4871.
Tabara, H., Hill, R.J., Mello, C.C., Priess, J.R., Kohara, Y., 1999. pos-1 encodes
a cytoplasmic zinc-finger protein essential for germline specification in C.
elegans. Development 126, 1–11.
Tenenhaus, C., Schubert, C., Seydoux, G., 1998. Genetic requirements for PIE-1
localization and inhibition of gene expression in the embryonic germ lineage
of Caenorhabditis elegans. Dev. Biol. 200, 212–224.
Tenenhaus, C., Subramaniam, K., Dunn, M.A., Seydoux, G., 2001. PIE-1 is a
bifunctional protein that regulates maternal and zygotic gene expression in
the embryonic germ line of Caenorhabditis elegans. Genes Dev. 15,
1031–1040.
Tharun, S., Parker, R., 2001. Targeting an mRNA for decapping: displacement
of translation factors and association of the Lsm1p-7p complex on
deadenylated yeast mRNAs. Mol. Cell 8, 1075–1083.
Tharun, S., He, W., Mayes, A.E., Lennertz, P., Beggs, J.D., Parker, R., 2000.
Yeast Sm-like proteins function in mRNA decapping and decay. Nature 404,
515–518.
Timmons, L., Court, D.L., Fire, A., 2001. Ingestion of bacterially expressed
143S.A. Barbee, T.C. Evans / Developmental Biology 291 (2006) 132–143dsRNAs can produce specific and potent genetic interference in Caenor-
habditis elegans. Gene 263, 103–112.
Toyooka, Y., Tsunekawa, N., Takahashi, Y., Matsui, Y., Satoh, M., Noce, T.,
2000. Expression and intracellular localization of mouse Vasa-homologue
protein during germ cell development. Mech. Dev. 93, 139–149.
Valentin-Hansen, P., Eriksen, M., Udesen, C., 2004. The bacterial Sm-like
protein Hfq: a key player in RNA transactions. Mol. Microbiol. 51,
1525–1533.
Vecerek, B., Moll, I., Afonyushkin, T., Kaberdin, V., Blasi, U., 2003.
Interaction of the RNA chaperone Hfq with mRNAs: direct and indirect
roles of Hfq in iron metabolism of Escherichia coli. Mol. Microbiol. 50,
897–909.
Will, C.L., Luhrmann, R., 2001. Spliceosomal UsnRNP biogenesis, structure
and function. Curr. Opin. Cell Biol. 13, 290–301.Wu, S., Romfo, C.M., Nilsen, T.W., Green, M.R., 1999. Functional recognition
of the 3′ splice site AG by the splicing factor U2AF35. Nature 402,
832–835.
Xu, L., Paulsen, J., Yoo, Y., Goodwin, E.B., Strome, S., 2001. Caenorhabditis
elegansMES-3 is a target of GLD-1 and functions epigenetically in germline
development. Genetics 159, 1007–1017.
Zhang, A., Wassarman, K.M., Rosenow, C., Tjaden, B.C., Storz, G., Gottesman,
S., 2003a. Global analysis of small RNA and mRNA targets of Hfq. Mol.
Microbiol. 50, 1111–1124.
Zhang, F., Barboric, M., Blackwell, T.K., Peterlin, B.M., 2003b. A model of
repression: CTD analogs and PIE-1 inhibit transcriptional elongation by P-
TEFb. Genes Dev. 17, 748–758.
Zorio, D.A., Blumenthal, T., 1999. Both subunits of U2AF recognize the 3′
splice site in Caenorhabditis elegans. Nature 402, 835–838.
